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doi:10.1016/j.ejvs.2011.05.002Abstract Objectives: There is no ideal method to monitor colonic perfusion after abdominal
aortic aneurysm (AAA) repair. The aim was to evaluate extraluminal sigmoid colon tonometry,
comparing with the established intraluminal method.
Methods: Eighteen patients were monitored with both methods, 10 after elective and eight
after ruptured AAA repair. One tonometric catheter was placed inside the sigmoid colon (intra-
luminal) and another extraluminally in close contact with the serosa of the sigmoid colon (ex-
traluminal). Intra- and extraluminal partial pressure of carbon dioxide (pCO2) were measured
every 10 min during 48 h postoperatively, 1536 simultaneous measurements. Intraluminal pH
(pHi) and extraluminal pH (pHe) were calculated, and intra-abdominal pressure (IAP) was
measured, every 4 h. Colonic ischaemia was defined as pHi  7.1.
Results: Mean pHi was 7.18  0.11 and mean pHe was 7.28  0.09. With a pHe cut-off value of
7.2, the sensitivity and specificity to detect colonic ischaemia were 95% and 95%, respec-
tively. Accuracy was 95% and the positive and negative predictive values 0.80 and 0.99, respec-
tively. The positive likelihood ratio was 19 and the negative likelihood ratio 0.05.
Conclusion: Extraluminal tonometry may serve as a screening test: A pHe-value <7.2 indicates
suspected colonic ischaemia, meriting further investigation. It was not able to evaluate the
severity of ischaemia.
ª 2011 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.idlund, Department of Surgery, Ga¨vle County Hospital, SE-801 87 Ga¨vle, Sweden. Tel.: þ46261540 00.
gidlund@lg.se (K. Djavani Gidlund).
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Table 1 Baseline characteristics, monitoring and
outcome among 13 patients operated on for ruptured
abdominal aortic aneurysm.
Ruptured
Monitored
Ruptured
Total
No 8 13
Median age (range) 69.5 (61e82) 69.5 (60e82)
Male (%) 7 (88) 11 (85)
Preoperative risk factors:
Cardiac failure (%) 6 (75) 11 (85)
Hypertension (%) 7 (88) 12 (92)
Renal insufficiency (%) e e
Pulmonary failure (%) 3 (38) 5 (38)
Active smoking (%) 3 (38) 7 (54)
Diabetes mellitus (%) 2 (25) 5 (38)
Preoperative shock (%) 5 (62) 9 (69)
Peri-operative events:
Aortic Clamping time
Median (range)
100 (70e120) 100 (70e120)
Perioperative bleeding
Median L (range)
3 (2e7) 5 (2e9)
Tonometry Extra/
intraluminal (%)
8 (100) 8 (61)
Median pHi-value
(range)
7.22 (6.80e7.34) e
Extra/intraluminal Colonic Tonometry after AAA Repair 303Colonic ischaemia (CI) is a devastating complication after
surgery for abdominal aortic aneurysm (AAA), in particular
after rupture (rAAA), with high morbidity and mortality.
The aetiology of CI after AAA surgery is multifactorial. The
most important risk factors are preoperative shock, pro-
longed cross-clamping and major bleeding.1,2 Some risk
factors, such as improper ligation of the inferior mesenteric
artery, or bilateral ligation of the internal iliac arteries, are
preventable.1,3 In later years, the importance of intra-
abdominal hypertension (IAH) has been recognised as an
important factor contributing to postoperative organ
dysfunction after AAA surgery.4e8
There are great methodological difficulties to monitor
the perfusion of the sigmoid colon in patients, in particular
in the emergent setting. It can be monitored by measuring
the carbon dioxide (pCO2) level in a silastic balloon cath-
eter placed inside the sigmoid colon with the aid of
a colonoscope. Measurement of mucosal pCO2 and blood
bicarbonate concentration make it possible to calculate
intramucosal pH (pHi) as a marker of mucosal anaerobic
metabolism. The rationale to use intraluminal measure-
ments is that it is known from both animal experiments and
clinical observations that there is a ‘counter-current’
mechanism when the intestine is subjected to ischaemia,
protecting the outer layers of the intestine and resulting in
a relatively more severe mucosal ischaemia.9
This tonometry method for measuring pHi is well
established, and has been validated in several studies.10e14
It is cumbersome, however, in particular in the emergency
set-up, when the patient’s bowel is not prepared and faecal
contents may interfere with the measurements.8 Another
practical problem is that the measuring device may be
dislocated by bowel movements, which often start early in
patients with CI. These are the probable explanations why
this method has not been put into clinical practice, despite
promising results on detecting CI and having the potential
to improve survival.8,10,11,13
To our knowledge, no previous investigation has been
performed evaluating the possibility to monitor the colonic
perfusion by leaving a tonometric device at the end of
surgery close to the outer surface of the sigmoid colon,
among patients after open AAA repair.
The aim of this pilot study was to evaluate such an
external sigmoid colon tonometry, comparing with the
more established intraluminal method, among patients
operated on with open AAA repair. Is colonic hypoperfusion
detected with the same accuracy? Should the threshold
values be corrected?Median pHe-value
(range)
7.31 (7.10e7.45) e
IAP Grade 0eII
(<20 mm Hg) (%)
3 (38) 4 (31)
IAP Grade III
(20e24 mm Hg) (%)
4 (50) 4 (31)
IAP Grade IV
(>25 mm Hg) (%)
1 (13) 2 (15)
ACSa (%) 3 (38) 4 (31)
Colonic ischaemia (%) 1 (13) 2 (15)
30-day Mortality (%) 1 (13) 4 (31)
a Abdominal Compartment Syndrome (ACS).Patients and Methods
Between November 2008 and August 2010, 84 patients
underwent surgery for AAA at Ga¨vle County Hospital. Forty-
six underwent endovascular repair (EVAR) and 38 had open
repair. Thirteen of these patients were operated on for
a rAAA of whom eight patients were included in this study.
Ten patients among 25 operated on electively with open
repair were also included. Patients who underwent elective
surgery were informed verbally and also received a detailed
written information before surgery. They gave their written
consent before inclusion. Patients with rAAA were informedas soon as they become conscious and could understand the
given information regarding the study and signed
the consent, but their relatives were informed and received
the written information about the study immediately after
surgery. There was no selection of patients based on their
preoperative state. Baseline characteristics of those
monitored, and those not monitored, are given in Tables 1
and 2.
In this study, tonometry refers to the measurement of
pCO2 in the lumen of the sigmoid colon (intraluminal) as
well as outside the sigmoid colon, in close contact with
serosa (extraluminal). The tonometry catheter consist of
a gas-impermeable rubber tube, with a diameter of 2,66
(8F), attached to a gas-permeable silastic balloon. Before
closure of the laparotomy, one catheter was tunnelled from
the left lower quadrant of the abdomen, with the balloon
placed in the retroperitoneal fold, lateral to the sigmoid
colon, in contact with the serosal surface. After abdominal
closure, the other catheter was placed inside the sigmoid
colon with the aid of a colonoscope, as described in
Table 2 Baseline characteristics, monitoring and
outcome among 25 patients operated on electively for
abdominal aortic aneurysm.
Elective
Monitored
Elective
Total
No 10 25
Median age (range) 71 (61e78) 68 (55e79)
Male (%) 6 (60) 19 (64)
Preoperative risk
factors:
Cardiac failure (%) 5 (50) 16 (64)
Hypertension (%) 9 (90) 24 (96)
Renal insufficiency (%) e 1 (4)
Pulmonary failure (%) 3 (30) 12 (48)
Smoker (%) 3 (30) 11 (44)
Diabetes mellitus (%) 1 (10) 8 (32)
Preoperative shock (%) e e
Peri-operative events:
Aortic Clamping time
Median (range)
70 (60e130) 70 (60e130)
Perioperative bleeding
Median L (range)
2.5 (1e12) 2 (1e12)
Tonometry Extra/
intraluminal (%)
10 (100) 10 (40)
Median pHi-value
(range)
7.21 (6.80e7.33) e
Median pHe-value
(range)
7.30 (7.10e7.43) e
IAP Grade 0eII
(<20 mm Hg) (%)
7 (70) 21 (84)
IAP Grade III
(20e24 mm Hg) (%)
3 (30) 3 (12)
IAP Grade IV
(>25 mm Hg) (%)
e 1 (4)
ACSa (%) 1 (10) 2 (8)
Colonic ischaemia (%) 1 (10) 1 (4)
30-day Mortality (%) 1 (10) 1 (4)
a Abdominal Compartment Syndrome (ACS).
304 K. Djavani Gidlund et al.previous investigations.8,10e14 The positions of the two
tonometric catheters were verified with fluoroscopy, and if
a change in position was suspected, the fluoroscopy was
repeated.
Intraluminal and extraluminal pCO2 was measured
automatically every 10 min with two Tonocap devices (GE
Healthcare, Helsinki, Finland) and pHi/pHe was calculated
by entering the tonometrically measured pCO2 and the
arterial bicarbonate concentration into the Hender-
soneHasselbalch equation:
Hþ þHCO35H2CO35H2OþCO2
after which pH (Hþ) can be calculated by the following
formula:
pHi=pHeZ6:1þ log ½HCO3

pCO2corr  0:0307
When the blood flow to the intestines diminishes relative
to metabolic needs, the first event is increased oxygen
extraction. When the blood flow diminishes further, a pointis reached at which the oxygen consumption becomes
dependent on oxygen delivery (dependent on blood flow)
and anaerobic metabolism develops. With anaerobic
metabolism, lactic acid is produced: lactate and Hþ.
Intracellular metabolic acidosis is cytotoxic and the most
important buffering mechanism is bicarbonate (HCO3
). In
this chemical reaction CO2 forms, and it is permeable
through the cellular wall. Under normal conditions CO2 is
transported rapidly to the lungs, but under ischaemic
conditions CO2 accumulates in the tissue, and this is what is
measured with the tonometric device (Tonocap). Intra-
mucosal pHi or extraluminal pHe can be calculated based
on this regional pCO2 together with the arterial pH
measured in peripheral blood, thus calculating a regional
pH, adjusted for a possible generalised acidosis or alcalosis.
For bacteriological safety reasons, the extraluminal
measurements were only performed during 48 h after
surgery. Patients who were operated on electively under-
went bowel rinsing (with an active enema, 340 ml, Klyx
Ferring) the day before surgery to minimise the problem
with faecal contents. Intra- and extraluminal pCO2 were
measured automatically and simultaneously every 10 min
with two Tonocap devices. The pHi was calculated using
tonometers and a conventional blood gas analyser every 4 h
during 48 h.
According to the protocol, if the intraluminal catheter
lost position it should have been repositioned after diag-
nostic colonoscopy, as early bowel movement may be a sign
of CI. This, however, never occurred in the 18 studied
patients. The position of the extraluminal catheter was
marked with ink as it left the abdominal cavity, and if there
was any suspicion of a changed position (such as changes in
pHe) its position was investigated with fluoroscopy. When
low intraluminal pHi/pHe-values were registered, more
frequent measurements were performed. Based on exper-
imental and clinical studies, a pHi of 7.1 or less was
considered threshold for suspected CI.8,14e17 According to
the protocol, if patients with an intraluminal pHi of <7.1
were treated for suspect hypovolaemia with intravenous
colloids, and if continued pHi <7.1 despite volume resus-
citation and/or conservative treatment of IAH did not
improve, patient underwent either colonoscopy or decom-
pression laparotomy without colonoscopy, depending on
the patient’s clinical condition.
IAP was measured in the bladder with the FoleyMan-
ometer device (Holtech Medical, Charlottenlund,
Denmark)18,19 every 4 h during at least the first 48 post-
operative hours. This method does not require any filling of
the bladder, reducing the risk of contamination. Abdominal
compartment syndrome (ACS) is defined as an IAP of at least
20 mmHg with a new organ dysfunction (cardiac, respira-
tory or renal).20 IAH is defined by sustained or repeated
pathological elevation of IAP >12 mmHg and is graded as
follows:
Grade I: IAP 12e15 mmHg, grade II: IAP 16e20 mmHg,
grade III: IAP 21e25 mmHg and grade IV: IAP >25 mmHg.
Early conservative treatment (pain relief, diuretics,
colloids and neuromuscular blockade) was given to patients
with IAP >15 mmHg, as described in the treatment guide-
lines from the Consensus Conference of the World Society
of the Abdominal Compartment Syndrome (WSACS).21
Decompression laparotomy was performed when ACS
Figure 1 The temporal relationship between intra/extra-
luminal measurements (pHi/pHe) and intra-abdominal pressure
(IAP) in three patients operated on for ruptured abdominal
aortic aneurysm (rAAA) and developed abdominal compart-
ment syndrome (ACS) and one of them had also colonic
ischaemia. CI Z Colonic Ischaemia, DL* Z Decompression
Laparotomy, patient No 1 also underwent colonic resection,
explaining why pHi/pHe measurements were terminated. In
Patient No2, pHi/pHe and IAP were monitored more frequently
due to low pHi and increased IAP first hours postoperative.
Z Death.
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a standard midline incision (laparotomy) from the xyphoid
process to the pubic bone. As temporary abdominal closure
(TAC), a combination of vacuum-assisted wound closure
and mesh-mediated traction was used.22,23
Ethical Considerations
The study was approved by the Research Ethics Committee
of the Uppsala/O¨rebro region.
Statistical Analysis
Statistical analysis was carried out using SPSS version 18
(SPSS, Chicago, IL, USA). The difference was displayed in
a BlandeAltman plot. The Pearson correlation test was
used to analyse the correlation between pHi and pHe.
Sensitivity, specificity, positive and negative predictive
values, as well as accuracy and positive and negative like-
lihood ratios, were used to evaluate the diagnostic accu-
racy of pHe compared to pHi. A p-value <0.05 was
considered significant.
Results
It was quick and easy to place the external tonometry
catheter in the abdomen at the end of the surgery in all
patients. Both tonometry catheters stayed in place during
the monitoring period of 48 h in all 18 patients, as
controlled by fluoroscopy. The retroperitoneal haematoma
in patients with rAAA constituted no technical problem for
the placement of the external tonometry catheter that was
easily placed in close contact with serosa, without any
attempt to evacuate the haematoma. Thirty-day mortality
among patients operated on for rAAA was 13% (1/8). Three
patients (38%) developed ACS and one of them also devel-
oped clinically relevant CI (Table 1). One patient, who
underwent decompression laparotomy and sigmoid colon
resection due to CI, developed cardiac arrhythmia and died
10 h after relaparotomy. She was 71 years old and had
a history of hypertension and cardiac disease, and arrived
in shock. She had a long cross-clamping time (120 min) and
major bleeding (7 L). The lowest recorded pHi was 6.80
during the first postoperative hour, and the corresponding
pHe was 7.10, IAP was 20 mmHg. The highest pHi was 7.10
and the corresponding pHe was 7.21 which continued to
decrease despite conservative treatment (colloid, diuretics
and neuromuscular blocked). The other two patients who
developed ACS were treated with open abdomen and
survived. A detailed description of the measurements of
these three patients is given in Fig. 1.
Thirty-day mortality among the patients operated on
electively was 10% (1/10) (Table 1). Two patients developed
ACS postoperatively and one of them also had CI and died
(Fig. 2). The patient with ACS and CI was a 72-year-old
woman. Technical difficulties during the operation resulted
in a prolonged cross-clamping time (130 min) and major
bleeding (10 L). In the first six postoperative hours, a pHi of
6.92 was recorded and the corresponding pHe was 7.12, IAP
was 22 mmHg. Despite conservative treatment, the valuesof pHi, pHe and IAP did not improve. Decompression lapa-
rotomy and sigmoid resection was performed, but the
patient died 12 h after relaparotomy due to cardiac and
respiratory failure. The corresponding pHi and pHe values
are displayed in a scatter plot (Fig. 3). The correlation
between all simultaneously measured pHi and pHe values
was 0.88 (P < 0.001). The mean pHi value was 7.18  0.11
(SD), median 7.21 and (range 6.80e7.34). The mean pHe
value was 7.28  0.09(SD), median 7.30 and (range
7.10e7.45).
With a pHe 7.2 as a cut-off to detect CI (defined as
pHi  7.1), the sensitivity was 95% and the specificity was
95%. The accuracy was 95% and the positive and negative
predictive values were 0.80 and 0.99, respectively. The
positive likelihood ratio (LRþ) was 19 and the negative
likelihood ratio (LR) was 0.05.
Figure 2 The temporal relationship between intra/extra-
luminal measurements (pHi/pHe) and intra-abdominal pressure
(IAP) in two patients who underwent elective open repair for
abdominal aortic aneurysm (AAA) and developed abdominal
compartment syndrome (ACS). CI Z Colonic Ischaemia,
DL* Z Decompression Laparotomy, patient No 1 also under-
went colonic resection, explaining why pHi/pHe measurements
were terminated. Z Death.
Figure 4 Difference between 1536 simultaneous extra- and
intraluminal pCO2 measurements according to BlandeAltman.
Bias value Z (mean  2SD) 0.583  0.771.
306 K. Djavani Gidlund et al.Comparing a pHi 6.9 and extraluminal with a pHe 7.2
(since the pHe values did not continue to decrease when
the ischaemia deepened) resulted in a sensitivity of 100%
and a specificity of 87%. The accuracy was 88%. The positive
predictive value was 0.43 and the negative predictive value
was 1.0. LRþ was 7.5 and LR was 0.
A BlandeAltman plot was used to compare the extra-
luminal and intraluminal pCO2 values (that were measured
every 10 min with the Tonocap device) (Fig. 4). There
were a total of 1536 simultaneous measurements. The
mean difference of extra/intraluminal pCO2 value wasFigure 3 Intraluminal pHi-value registered for 18 patients
against its corresponding simultaneous extraluminal pHe-
value, in all 232 measurements, with line of regression.
Correlation 0.882, P < 0.001.0.58  0.39 SD. 95%confidence interval (0.56 to 0.60).
Median difference of extra/intraluminal pCO2 was 0.60.
Discussion
Although intraluminal colonic tonometry is a reliable
method to detect CI,10e14 there are methodological draw-
backs in the routine clinical setting. In a previous study,8
patients operated on for rAAA were monitored with IAP and
pHi to investigate the association between CI and IAP.
Among 44 patients surviving the repair, 15 (33%) did not
undergo pHi monitoring. We were not able to include all
patients due to, among other reasons, large amounts of
faeces in some patients. In others, early bowel movements,
a classical sign of CI, expelled the catheter or moved it
from the sigmoid colon to the rectum. Although the cath-
eter could be repositioned after the bowel emptying had
ceased, an important time period was lost for monitoring.
These previous experiences were the rationale to perform
this investigation.
In the only previously published similar experience, Koga
et al. performed an experiment comparing intraperitoneal
(i.e., external, in the right lower quadrant of the abdomen)
tonometry with traditional intraluminal tonometry in pigs
subjected to endotoxic and hypoperfusion shock.24 They
found that pCO2 obtained from catheters placed in the
intraperitoneal cavity gave lower values, resulting in higher
pH values (indicating less ischaemia), than those obtained
from inside the terminal colon, both in the endotoxic shock
and hypoperfusion shock groups.24,25 The changes were in
parallel, however. They concluded that the intraperitoneal
placement of the tonometric catheter had other merits
since measurements were not disturbed by faeces and this
monitoring method was considered most suitable for post-
operative monitoring of intestinal perfusion to check
ischaemia after extensive abdominal surgery, but there was
no suggestion which intraperitoneal pCO2 value may be
used as detecting colon sigmoid hypoperfusion, nor any
statistic analysis between the intraperitoneal and intra-
luminal pCO2. Prior to this investigation, no previous study
Extra/intraluminal Colonic Tonometry after AAA Repair 307on patients confirming or rejecting this finding has been
published.
In this present study, we found that the extraluminal
followed the intraluminal pCO2 values with a difference of
approximately 0.5 until a threshold of 9 kPa, but with
higher pCO2 values the pHe values did not follow. It can be
observed in the BlandeAltman plot (Fig. 4) that the
measurements followed one another well until a pCO2 level
of 9, but when that increases (corresponding to a lower
pHi/pHe and a more serious ischaemic state) the externally
measured pCO2 was markedly lower. This was an expected
finding and a confirmation of the described ‘counter-
current’ mechanism protecting the serosa when the intes-
tine is subjected to ischaemia.9 It is an important disad-
vantage that severe CI was not identified with the new
method. Extraluminal pCO2 did not increase as rapidly as
intraluminal pCO2 with severe CI. It can be observed in the
BlandeAltman plot that the measurements followed one
another well until a pCO2 level of 9, but when that
increased (corresponding to a lower pHi/pHe and a more
serious ischaemic state) the externally measured pCO2 was
markedly lower (Fig. 4).
Accepting this limitation, can extraluminal tonometric
measurements still be an alternative method of monitoring
intestinal perfusion after abdominal aortic surgery? The
method is feasible and practical. It is quick and easy to
place the catheter in the abdomen at the end of the
surgery, and there is no conflict with the bowel contents.
An intraluminal pHi of 7.1 or less was considered
a threshold for further diagnostic activity and intervention;
based on experimental studies, it has been shown that
supply-dependent oxygen consumption develops at this
level and an anaerobic metabolism develops.15 This level
has also been confirmed in multiple clinical studies,8,14,16,17
showing that some degree of CI exists with a pHi below 7.1,
and if the level is below 6.9 for more than 2 h, a colonic
gangrene is likely to have developed. It should be
emphasised, however, that the ischaemic injury is
a product of depth and duration. This has the clinical
consequence that even a less severe ischaemia, in the pHi
interval 6.9e7.1, can result in gangrene, if prolonged.14
We hypothesised that a pHe cut-off value of 7.2 could
work as a threshold for further diagnostic activity. It cor-
responded well with a pHi value of 7.1; the sensitivity was
95% and the specificity 95%. This suggests that the new
method could be useful to identify patients at risk, and
may work as a monitoring method to identify low-grade CI
early? If colonic hypoperfusion is identified early, IAH and/
or hypovolaemia are treated in a proactive way, outcome
may improve, in particular after rAAA repair.8 This
hypothesis needs to be confirmed in a larger prospective
study.
An important limitation of this study is the small number
of patients studied, among whom few developed CI.
Although there were a great number of simultaneous
measuring points, the conclusions may be altered if a larger
patient cohort is studied. Another limitation is that the
method is not feasible after EVAR, that is used increasingly
often for repair of rAAA.
In conclusion, the results of this study suggest that a pHe
<7.2 may be used as a threshold for further diagnosis and
intervention. Prospective studies with greater number ofpatients are required to evaluate this novel method to
monitor colonic perfusion after AAA repair.Acknowledgements
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